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Abstract 
Improving energy efficiency in discrete manufacturing environments has been one of the key goals of recent research and industrial activities in 
production management, leading to a large and still increasing amount of different methodologies and improvement measures in that field (here 
called “Solution Elements”). Despite the growing interest, most of these are rarely applied, or are implemented in an improper manner instead 
of identifying and realizing the most appropriate ones from a holistic, factory wide perspective. For coping with these challenges a flexible, 
multi criteria and multi step selection process is introduced by which the applicability of solution elements is evaluated for a specific discrete 
production environment. The selection process is based on an approach taking multiple criteria derived from the current (as-is) situation in a 
factory as well as from user preferences into account. For data gathering an extended energy value stream approach is utilized that allows the 
derivation of value stream specific energy and cost drivers. The approach was tested in an industrial use-case, which is introduced in this paper. 
© 2014 The Authors. Published by Elsevier B.V. 
Peer-review under responsibility of Assembly Technology and Factory Management/Technische Universität Berlin. 
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1. Introduction 
1.1. Macroscopic Background 
The most recent report of the Intergovernmental Panel on 
Climate Change (IPCC) indicated that the reduction of 
greenhouse gas emissions is more important than ever if the 
goal of limiting the worldwide temperature rise to two 
degrees shall be kept [1]. Among others the industrial sector 
is held responsible for high greenhouse gas (GHG) 
emissions, given a share of about 30 % (direct and indirect) 
in total worldwide emissions. 
Due to that, the requirement to reduce GHG emissions 
mainly via improving energy efficiency has established 
green goals in production management’s strategies. 
Although recent scientific and industrial approaches aim to 
improve the energy efficiency performance of discrete 
productions – leading to a large variety of methodologies, 
tools and practices (here called: “Solution Elements”), the 
actual application rate of such elements in industrial 
environments is comparably low. Reasons for that have 
been investigated in a most recent survey among 80 
industrial companies conducted by Bey et al. [2]. They 
identified “two clusters of barriers” keeping companies 
from implementing environmental practices: 
x  “lack of information (regarding environmental impact 
and expert knowledge) 
x “lack of allocated resources (both time and human)”.  
One possibility to mitigate the resource barriers is the 
integrated conduction of economically and environmentally 
friendly practices, thus lowering the partial share of effort 
for applying environmental methodologies. Research also 
shows that especially an integrated conduction of lean and 
green strategies can be complementary and that e.g. lean 
strategies can even be utilized as a “catalyst” for applying 
environmental practices. [3] 
Against this background in this paper a methodology – 
the Solution Finder – is introduced that targets the 
mitigation of the mentioned barriers by providing an 
integrated decision support system that derives standardized 
improvement measures for specific factories. The selection 
is based on factory specific, quantified, financial and 
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environmental impacts that are derived utilizing an 
extended energy value stream approach taking the total 
energy consumption of a factory into account. The 
methodology was then tested in a real factory of the 
Siemens AG, where metro cars are manufactured. 
1.2. Requirements - Key Features 
Against the background presented in the previous 
chapter, the methodology developed provides the following 
key features: 
x consideration of costs and the holistic energy 
consumption of a factory including peripheral consumers  
x highlighting of relevant fields of action in factories that 
have a high improvement potential, but where no 
applicable solutions are available up to date 
x prediction of effects of applying lean and green solution 
elements including cross impact effects i.e. how do lean 
solution elements influence green goals and vice versa 
x structuring and selection of technical measures as well as 
methodological approaches and frameworks; 
Performance and application requirements: 
x little effort for application i.e. little time, cost and human 
effort 
x structuring and management of gathered factory data 
x user friendly GUI for editing the required elements (e.g. 
Factory Models, Solution Elements, Selection 
Processes). 
2. State of Research and theoretical background 
In this chapter, some of the most relevant and most 
recent research activities are presented that aim to provide 
methodological support in holistic brown-field evaluation 
and optimization of factories, while integrating economical 
and/or environmental perspectives. Based on that, the gap 
in current research activities is derived and requirements for 
the developed methodology are defined. 
2.1. Energy value stream mapping 
The traditional Value Stream Mapping as originally 
described by Rother and Shook [4] has proven to be a 
highly effective method to quickly identify performance 
shortages in a factory, while maintaining a holistic 
perspective of the value creating process steps i.e. not 
losing oneself in details of possibly lesser relevance. 
However, the methodology has several shortcomings as it 
does not directly consider e.g. environmental or financial 
aspects. 
Hence, in recent years numerous approaches aim to 
include the environmental perspective within the traditional 
value stream approach (e.g. [5,6,7,8]). These approaches 
consider the direct energy consumption of production 
machines but partially or completely neglect the energy 
consumption of the peripheral systems of a factory (e.g. 
lighting, transport, heating) as defined by Schenk et al.[9]. 
Posselt, Fischer et al. developed an extended energy value 
stream approach providing algorithms to map the total 
energy consumption of factories cause-dependently to 
individual value stream processes [10]. This approach is 
utilized in the following and further extended by integrating 
a financial perspective. 
2.2. Derivation of standardized solution elements 
Besides the value stream methodologies several 
approaches describe the derivation of standardized solution 
elements for the purpose of designing discrete 
manufacturing systems: 
Bergmann [11] provides a methodology to derive lean 
and green practices for the purpose of designing sustainable 
and lean production systems. Evaluation of factories is 
based on a top-down approach using the viable system 
model and thus targeting a broader perspective up to 
normative and strategic management levels. Energy value 
stream based data is not taken into consideration. 
Lanza et al. [12] describe the selection of lean and green 
practices based on factories’ improvement potential, 
derived by applying maturity models, benchmarking and 
expert knowledge. Combinations of lean and green 
practices are then generated via catalogues, mapping the 
interactions between practices and optimization objectives. 
Final decisions for implementation are then based on a 
monetary assessment step using cost-time profiles. 
Crespo [13] defines the so called “KoI-Concept” for 
selecting structured solution elements in order to design 
lean production systems for SME’s. For selecting solution 
elements the so called “KoI Factors” are being utilized, 
matching the company’s available resources (e.g. time, 
costs, knowledge) with the one’s demanded by the possible 
solution elements. Environmental practices are not 
explicitly taken into consideration. 
The selected state of research shows a clear gap in the 
integrated selection of lean and green solution elements. 
Current methodologies either lack the holistic value stream 
perspective or the methodological description of how to 
derive structured solution elements from value streams. 
3. Methodological Approach - The Solution Finder 
3.1. Overview 
In this chapter the development and description of the 
individual steps of the methodological approach are 
introduced. The approach can generally be separated into a 
user preference based pre-selection phase employing the 
solution elements’ structural properties and a factory data 
based, main selection phase utilizing more objective data 
like the extended energy value stream analysis. The main 
selection process requires more effort by the user due to the 
factory modeling and thus the required derivation of data, 
but usually yields better results than the solely user 
preference based selection, since it is based on user 
independent, objective information. This combination of 
employing subjective, user opinion based knowledge and 
objective, data centered information usually yields the best 
results 
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3.2. Structuring and Pre-Weighting of Solution Elements 
In order to select solution elements in a partially 
automated, algorithm based selection process, the elements 
have to be structured in a standardized, machine 
interpretable form. When defining the structuring 
properties, one is faced with the challenge of defining the 
right amount of information that on the one hand side 
contains enough data to allow a well informed selection of 
solution elements during the selection process and on the 
other hand as little information as possible in order to 
minimize the modeling effort for the solution elements 
designer. Hence, only these properties that show the best 
differentiation between the individual elements should be 
incorporated. Challenges also arise from the many different 
types of solution elements ranging from technical devices to 
generic frameworks or simulation suites. 
Table 1 gives an overview of some of the properties used 
in the selection process along with their possible values. 
Properties used for pre-selection are for example the 
applicability areas (e.g. the factory level or the addressed 
function of the factory), the type of solution element (e.g. 
technical solution, best practice, framework) or the ability 
to support a user in certain and generic problem solving 
steps. The specification of solution elements regarding the 
criteria values is usually not just expressed in “true” or “not 
true” but in intermediate steps using seven point Likert 
scale items [14]. In this way the often fuzzy and uncertain 
relationship between solution elements and discrete 
properties can be expressed more accurately with only a 
small increase of effort for the solution element editor. 
In addition to the machine interpretable properties, free 
form texts, as already described in the “Guideline Sheet” by 
Weinert, Fischer et al. [15] are used in order to describe e.g. 
the application of the methodology, examples of 
implementation or the motivation. The user effort for 
describing the elements in a text based form is often low, 
since solution elements are usually already described 
somewhere. They can serve in the last selection step as a 
final decision support, where the user decides based on the 
detailed information provided in the text fields if the 
respective methodology is applicable in his specific factory. 
In addition, the text based properties can be utilized in an 
automated information retrieval process by being matched 
with user specified or factory data generated keywords. 
Table 1. Exemplary selection of Solution Element’s structuring properties 
(shortened description) 
Criterion Possible Values 
Type of Solution 
Element 
Software Tool, Model/Framework, KPI, 
Methodology/Best Practice, Technical Solution, 
Other 
Abilities regarding 
problem solving steps 
Data Collection, Improve System 
Understanding, Evaluation/Assessment, 
Compare different Solutions, Implementable 
Solution, Implementation, Control 
Target Energy Efficiency, Cost Reduction, Process 
Quality, Times, Flexibility (variants) 
KPI <Selection from Database> 
Affect on Design 
Parameter 
<Selection from Design Parameter List (see 
Table 2)> 
Applicability at 
Factory Level … 
Enterprise, Site, Building, System, Machine, 
Component, Process-Chain, Process 
…  
 
The first step of the selection process approach utilizes 
these generic properties and targets the pre-weighting and 
filtering of solution elements. The user can express his 
preference towards certain kinds of solution elements by 
selecting or deselecting criteria values as well as specifying 
numerical weights to each criterion. It can further be 
specified on whether the simultaneous selection of multiple 
criteria values shall be interpreted in a logical “AND”, 
“OR” or “AVG” relationship. The final result of this first 
phase is a pre-ranking of all solution elements based on 
values between 0-1.  
3.3. Hierarchic Factory Data Model 
The main purpose of the factory model is to provide a 
common data structure for deriving the extended energy 
Fig. 1. Overview of the application process of the methodological approach 
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value stream. The factory model is based on a hierarchic 
class structure that mainly describes the physical elements 
of the factory and their relationships. Physical entities that 
can be modeled include e.g. buildings, technical building 
services, production machines, workplaces and transport 
systems. The model thus enables a user friendly and 
comprehensible way of collecting data differentiating the 
entities of the model along their various data sources.  
In the primary prototype software, the creation of the 
factory model can be executed manually via a Windows 
forms user interface. In future versions the software should, 
as far as possible, derive this data from other existing 
resources like ERP systems or factory ontologies e.g. via 
APIs (application programming interface) - thus 
minimizing the effort for data gathering. 
3.4. The extended energy value stream 
Based on the hierarchic factory model, an extended 
energy value stream analysis, based on the one already 
introduced in [10], is conducted. The value stream analysis 
allows the mapping of the factory’s total energy 
consumption including all kinds of peripheral systems to 
value streams or even individual processes and thus allows 
drawing a correlation between value adding and actual 
energy consumption that is required for efficiency 
indicators. The approach presented in [10] was, now, 
extended by specifications for various cost factors. In 
combination with the energy data, this allows detailed 
statements regarding the environmental as well as economic 
effects of measures that are targeting the optimization of the 
value stream. Furthermore, a first estimation of the 
relationship between wasted energy and costs vs. value 
adding energy and costs based on the concepts of the seven 
lean wastes (e.g. motion, waiting, transport) is derived (see 
Fig. 3) and can be utilized for the weighting of energy or 
cost drivers by a penalty factor. (see next step) 
 
Fig. 2. Exemplary Value Stream Process Box based on [10] and further 
extended (amongst others) by cost properties 
3.5. Deriving Energy and Cost Drivers 
Based on the values contained in the extended energy 
value stream, so called energy- and cost drivers can be 
derived that visualize the maximum saving potential for a 
set of about 20 base indicators. 
Table 2. Energy-/Cost Drivers derived from the Extended Energy Value 
Stream 
Type Energy Driver 
Time based Off-Time, Idle-Time, Set-Up-Time, Process-Time, 
Transport-Time, Storage-Time 
Load based Ventilation-Load, Heating-Load, Lighting-Load, Off-
Load, Idle-Load, Set-Up-Load, Process-Load, Transp.-
Load 
Cost based Imputed Rent, Labor Cost, Bound Capital (Product, 
Machine), Depreciation 
Other Workplace Area, First-Pass-Yield, Scrap-Rate 
 
They provide a first mean to differentiate the top level 
KPIs (i.e. kWh/process-step or €/process-step) into 
numerous values that lead to different areas of 
responsibility in a factory – i.e. what is the maximum 
saving potential by minimizing e.g. the idle time, 
processing load or storage time. These indicators are 
quantifiable and the relationship between their value and 
the top level KPI can be mathematically described. In Fig. 3 
the derivations of the Energy Drivers “Off-Time” and 
“Lighting-Load” are exemplarily shown. In addition, the 
consumed energy can be separated into wasted- and value-
adding energy, hence allowing the usage of penalty factors 
for the drivers consisting (mainly) of wasted energy. 
 
Fig. 3. Exemplary derivation of two energy drivers based on the total 
amount of energy consumption of a value adding process  
3.6. Weighting of Design Parameters (DPs) 
The derivation of solution elements from energy- and 
cost drivers is usually not directly possible, since the direct 
correlation is often hardly predictable or quantifiable. The 
so called design parameters (DPs) function as an 
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intermediate set of quantities bridging this gap between 
solution elements and drivers. They can be interpreted as 
levers in a factory that can be usually applied to achieve 
certain goals. Design Parameters are for instance the layout 
of a building, the lighting system or the machine design (see 
Table 3). 
Since the amount of levers that can be applied changes 
e.g. due to new scientific developments or new trends (e.g. 
cyber physical systems), the amount of design parameters is 
not fixed and can be extended. Nevertheless, for the regular 
application of the methodology the amount of design 
parameters shall not necessarily have to be changed, since 
this would largely increase the effort for application. Hence, 
a standard set of 25 DPs was defined, covering most of the 
relevant fields of action. 
Table 3. List of relevant Design Parameters ordered by factory level of 
most likely applicability (open set) 
Application Level   Design Parameters 
Site Heating Supply/Distribution, Central Pneumatic 
Energy Generation/Distribution, Factory Layout 
Building/Segment Lighting Equipment, Information/Visual Mgmt., 
Heating System (incl. Heat Recovery), 
Ventilation, Building Layout, Design of 
Building Shell, Transport Equipment, 
Distribution of Pneumatic Energy, Shift-System 
Process Chain Lot-Size, Long-Term Schedule (months/weeks), 
Short-Term Schedule (days/hours), 
Manufacturing-Control Mechanism 
Process-/Machine-
Level 
Batch Size, Machine-Control, Machine-
Selection/Design, Workplace Design, Material 
Provision, Process-Technology, Work 
Instructions, Employee Skills/Knowledge, 
Employee Motivation, Maintenance Strategy 
 
The derivation of the parameters was executed based on 
a generic process module and an Ishikawa (fishbone) 
diagram using “W.-questions” as fishbone-titles. The 
mapping between energy/cost drivers and DPs is executed 
by a mapping matrix that defines the correlation strength 
between DPs and energy/cost drivers based on values 
between (0-1). The result of this step is thus a weighted 
vector of DPs correlating with the saving potential of DPs 
(if a correlation of 1 equals saving potential of 100%). After 
the weighting the user can then deselect these DPs that are 
not relevant in his case (e.g. due to special boundaries). 
3.7. Weighting of Solution Elements 
The weighted vector of DPs is then used in the following 
step to derive a weighted vector of solution elements. For 
achieving the vector, a similar approach as in the previous 
step is executed utilizing a mapping matrix containing 
values between “-1” and “1”. This allows the modeling of a 
negative impact of a solution element towards a certain 
design parameter. The matrix values were derived from the 
user input during the modeling of the solution elements by 
using Likert Scale items [14] indicating amongst others the 
“max. affect” and the “probability” of the Solution Element 
having an effect towards the respective DP, hence allowing 
the prediction of the strength of correlation and the 
expected variance. The variance value can then be exploited 
in the subsequent step to interpret the reliability of the 
weighting result.  
3.8. Final Selection of Solution Elements 
Afterwards the user preference based ranking of solution 
elements and the Design Parameter based one is brought 
together. The DP’s-ranking works like another criterion but 
should be assigned a high weight due to its special 
relevance. After the weighting of solution elements, if 
necessary, a final selection step has to be executed that 
specifies the previous, mainly impact based ranking. 
Starting with the highest ranked element, a detailed analysis 
is executed, utilizing methodologies like TCO and cross 
impact analysis between the several Solution Elements. 
Additionally, a detailed evaluation of applicability by 
manually interpreting the text based properties (see Section 
3.1) by the user is executed. 
3.9. Implementation of Methodology 
The methodology was implemented in a prototype 
software tool in C# utilizing classes provided by the .NET 
Framework. Solution elements and design parameters are 
stored in a SQL Database that can be accessed from the C# 
main program. Graphical user interfaces were designed to 
edit and browse the elements in the database as well as to 
guide the user through the solution elements selection 
process and the factory- as well as the solution elements 
modeling process. The program further contains the 
required algorithms in order to calculate e.g. the value 
stream KPI’s and the energy drivers.  
4. Case Study in the railway industry 
4.1. Use case description 
The introduced approach was applied at a rail plant of 
the Siemens AG. The focus was laid on a part of a value 
stream in a factory building where car bodies of metros are 
assembled. Core characteristics of the process chain are e.g. 
a non linear material flow between workplaces, long 
process times of up to several days, large workstations and 
complex handling and transport processes mainly caused by 
the large product size and weight. Processes that are 
executed are mainly welding, grinding and milling 
operations as well as quality checks. The machine types, 
that are being utilized, range from highly automated 
machining centers to manually applied, mobile tools like 
welding guns and angle grinders. Mainly pneumatic and 
electric energy is used that is centrally distributed. In order 
to maintain working conditions in the building, numerous 
technical building services are deployed like heating, 
ventilation and lighting next to other centralized functions 
like chip removal.  
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4.2. Application of Solution Finder and Results 
For the building investigated the methodology was 
applied as specified in the previous chapters. The data for 
the hierarchic factory model was derived in several shop-
floor visits using simple data collection techniques like one 
time measurements or already available production data. 
Due to the main scope of the funding research project, the 
focus was laid on the derivation of the energy perspective 
(i.e. the energy drivers). The main results, based on the 
extended energy value stream, indicate especially a high 
consumption of peripheral systems like lighting, ventilation 
and heating. Furthermore, the idle consumption especially 
of the machining centers was large, thus leading to high 
energy drivers for Idle- and Off-Time.  
 
Fig. 4. Extraction of a two dimensionally weighted set of solution elements 
for the Use-Case 
Based on these results, multiple iterations deriving 
weighted sets of solution elements were conducted. 
Iterations differ from one another mainly by different user 
preferences, indicating the current perspective for 
application (e.g. the current problem solving step). 
Exemplarily the results for the considered part of the value 
stream are depicted in Fig. 4 containing in total six value 
stream processes. Since the focus was initially set on the 
analysis- and data-gathering-phase, mainly solution 
elements with that specific ability are highly ranked and 
were conducted accordingly. Those are for instance an 
energy management system that allows the continuous 
monitoring of a buildings pneumatic- and electric flows. In 
further iterations, targeting the application/solution side of 
the problem solving cycle, “Efficient Lighting 
Technologies”, a “Software tool for Shop-Floor 
Scheduling” and “Alternative Welding Technologies” could 
be derived.  
5. Conclusion, Outlook 
In this paper a holistic approach for selecting structured 
solution elements for optimizing value streams in specific 
factories was introduced. The methodology incorporates 
subsequent steps of selecting, weighting and filtering of 
possible solution elements and criteria. The approach was 
successfully tested in a Siemens AG factory. 
The development of the methodology is ongoing. Future 
research will focus on areas like the software 
implementation and specification of the last selection step 
as well as the improvement of the software’s usability. As 
the approach implies a nearly constant correlation between 
drivers, DPs and Solution Elements which sometimes only 
hardly approximates the actual correlation, ways may have 
to be found to describe these correlations in a factory 
specific form.  
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